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MATERIALS AND METHODS
The Institutional Animal Care and Use Committee of Tulane University School of Medicine approved the experimental protocol used in these studies, and all procedures were conducted in accordance with institutional guidelines. For these experiments, adult male Sprague-Dawley rats, weighing 318 -419 g, were anesthetized with Inactin (thiobutabarbital), 100 mg/kg ip. Supplemental doses of Inactin were given intraperitoneally as needed to maintain a uniform level of anesthesia. Body temperature was maintained with a heating lamp. The trachea was cannulated with a short segment of PE-240 tubing to maintain a patent airway, and the left carotid artery was catheterized with PE-50 tubing for measurement of systemic arterial pressure. Intracavernosal pressure (ICP) was measured with a 25-gauge needle inserted into the left crura of the penis connected to PE-50 tubing filled with heparin. Systemic arterial pressure and ICP were measured with Namic Perceptor DT pressure transducers and a data acquisition system (Biopac MP 100A-CE, Santa Barbara, CA). Intracavernosal pressure, systemic arterial pressure, and mean systemic arterial pressure (MAP) obtained by electronic averaging were continuously recorded and were displayed and stored on a Dell PC. The left jugular vein was catheterized with PE-50 tubing for the systemic administration of drugs and fluids. A 25-gauge needle connected to PE-50 tubing was placed in the right crura of the penis for administration of drugs. Maximal ICP in response to intracavernosal (ic) injection of the vasodilator agents or in response to cavernosal nerve stimulation was measured at the peak of the ICP pressure increase. The area under the ICP curve (AUC) and duration of the increase in ICP were measured to characterize the total erectile response.
The ic injection of BAY 60-2770 at the highest doses studied produced small decreases in MAP. To further characterize the effects of BAY 60-2770 on MAP responses to intravenous injections of BAY 60-2770, 10, 30, and 100 g/kg were investigated and the data are shown in Fig. 2 , bottom right. The results of these experiments indicate that BAY 60-2770 is far more potent (more than 4 orders of magnitude) in its ability to increase ICP when injected ic compared with its ability to decrease MAP when injected intravenously.
Cavernosal nerve stimulation was carried out as previously described in the literature (16) . For nerve stimulation, the bladder and prostate were exposed through a midline abdominal incision. The cavernosal nerve was identified posterolateral to the prostate on one side, and a stainless steel bipolar stimulating electrode was placed on the nerve. The cavernosal nerve was stimulated with square wave pulses at frequencies of 2, 4, 8, 10, and 16 Hz, at 5 V and a pulse width of 5 ms for a duration of 60 s with a Grass Instruments SD9 Fig. 1 4, 5, 6 , and 8. sGC is inactivated by ODQ, which oxidizes the heme iron on the beta subunit of the enzyme and renders it insensitive to NO. The heme oxygenase pathway, which induces erection by generating CO, is also shown. Stimulator. A rest period of at least 3 min was allowed between nerve stimulation trials and similar results were obtained with 5-and 10-min rest periods. Acute nerve crush injury experiments were performed using three 15-s applications of a 3-in. forcep to the cavernosal nerve 5 mm distal from the major pelvic ganglion. For chronic crush experiments, rats were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), the prostate was exposed through a midline laparotomy, and the cavernosal nerves were identified. Bilateral nerve crush injury was performed by applying three 15-s applications of a 3-in. forcep to the cavernosal nerves 5 mm distal from the major pelvic ganglion. A two-layered closure was performed on the animals with 4 -0 Vicryl suture. Thirty days after bilateral cavernosal nerve injury erectile function was measured as described above.
Methemoglobin levels were measured in 85-l arterial blood samples removed from the carotid artery catheter and were analyzed with a Radiometer NPT7 series analyzer (Copenhagen).
BAY 60-2770 and BAY 41-8543 were provided by Dr. JohannesPeter Stasch of the Institute of Cardiovascular Research, Pharma Research Centre, Bayer AG, Wuppertal, Germany, and were dissolved in Transcutol-Cremophor EL-0.9% NaCl solution (10:10:80). ODQ (Cayman) was also dissolved in the Transcutol-Cremophor vehicle. The dose of ODQ used in these experiments was determined from pilot experiments and reports in the literature (17) . No financial support was provided by Bayer. Sodium nitroprusside, DEA/NO, L-NAME, isoproterenol hydrochloride (Sigma-Aldrich) and fasudil (LC Laboratories) were dissolved in 0.9% NaCl, and solutions were made on a frequent basis. Cromakalim (TOCRIS Biosciences) was dissolved in 1.0% DMSO solution. Imatinib mesylate (Novartis), avanafil (Vivus), and pinacidil monohydrate (Research Biochemicals International) were dissolved in deionized water titrated to a pH of 5. For ic injections the doses of BAY 60-2770, BAY 41-8543, SNP, DEA/NO, pinacidil, cromakalim, imatinib, fasudil, and isoproterenol were prepared in a total volume of 200 l and were injected through the 25-gauge needle in the right crura. The data are expressed as means Ϯ SE and were analyzed using a one-way ANOVA and a Student's t-test for paired data. A P value of Ͻ0.05 was used as the criterion for statistical significance. formation, and induce vasodilation and erection (15) . In contrast, only sGC activators will have the capacity to increase the catalytic activity of oxidized or heme free sGC as shown by Schmidt et al. (24) and induce vasodilation and erection (Fig.  1) . The heme oxygenase pathway is also shown in Fig. 1 . Heme oxygenase converts heme to biliverdin, iron, and CO which can induce penile erection by activating the reduced form of sGC as well as by opening Ca 2ϩ activated potassium channels (K Ca ) (25) .
RESULTS

Effect of BAY
The effect of BAY 60-2770 on erectile function was investigated in the anesthetized rat, and these data are summarized in Fig. 2 . The ic injection of BAY 60-2770 in doses of 1-300 ng/kg produced dose-related increases in ICP, ICP/MAP, AUC, and response duration (Fig. 2) . The increases in ICP in response to ic injections of BAY 60-2770 were rapid in onset with values ranging from 15-30 s and MAP was only reduced with ic injections of the higher doses of BAY 60-2770 which decreased MAP by 9 Ϯ 2, 11 Ϯ 3, and 14 Ϯ 1 mmHg at doses of 30, 100, and 300 ng/kg ic, respectively (Fig. 2) . The results with ic injections of BAY 60-2770 indicate that the sGC activator has very potent erectile activity and produces only small decreases in MAP at the higher doses injected ic in the anesthetized rat. A comparison of the effects of ic injection of BAY 60-2770 on ICP and of intravenous injection of BAY 60-2770 on MAP is shown in Fig. 2 , bottom right. The comparison of the dose-response curves for the increase in ICP and the decrease in MAP in response to BAY 60-2770 indicates the sGC activator was more than 4 orders of magnitude more potent in its ability to increase ICP when injected ic compared with its ability to decrease MAP when injected intravenously. These data indicate that BAY 60-2770 is far more potent in its ability to increase ICP than in its ability to produce vasodilation in the systemic vascular bed and decrease MAP in the rat.
The potential role of phosphodiesterase inhibition in contributing to the erectile response to BAY 60-2770 was investigated, and these results are presented in Fig. 3 . The administration of the PDE-5 inhibitor avanafil increased the AUC (total erectile response) to the NO donor SNP whereas BAY 60-2770 had no significant effect on the AUC of the response to SNP (Fig. 3) . These data indicate that BAY 60-2770 had no apparent effect on response duration whereas the PDE-5 inhibitor avanafil increased the AUC of the response to the NO donor. Avanafil increased the AUC of the response to BAY 60-2770 under control conditions and after treatment with ODQ. These data provide support for the hypothesis that cyclic guanosine monophosphate (cGMP) mediates responses to BAY 60-2770 when sGC is normally reduced or oxidized by ODQ and suggest that BAY 60-2770 does not inhibit the degradation of cGMP.
Effect of ODQ. ODQ is an agent that has been shown to inhibit the activation of sGC by NO by oxidizing the heme iron on the beta subunit of the enzyme (22, 28, 29) . In the present study, the administration of ODQ in a dose of 2 mg/kg ic attenuated the increase in ICP in response to ic injections of the NO donors SNP and DEA/NO and the sGC stimulator BAY 41-8543 (Figs. 4 and 6) .
The sGC activators like BAY 60-2770 can increase the catalytic activity of oxidized or heme-free sGC as reported by Schmidt et al. and illustrated in Fig. 1 (24, 28) . The effect of ODQ treatment on the erectile response to BAY 60-2770 was investigated, and these data are shown in Fig. 5 . After treatment with ODQ, 2 mg/kg ic, the increases in ICP, ICP/MAP, and AUC in response to ic injection of BAY 60-2770 were enhanced significantly (Fig. 5) . In contrast to the effect of ODQ treatment on the erectile response to ic injection of the sGC activator BAY 60-2770, the increases in ICP, ICP/MAP, and AUC in response to ic injection of the sGC stimulator BAY 41-8543 were significantly reduced by ODQ treatment (Fig. 6A) . The comparison of dose-response curves for ic injections of BAY 60-2770 and BAY 41-8543 show that the erectile activity of the sGC activator BAY 60-2770 is approximately 1,000-fold greater than the erectile activity of the sGC stimulator BAY 41-8543 under control conditions (Fig. 6B) .
The selectivity of the inhibitory effect of ODQ on the erectile response to the NO donors was investigated in experiments with the K ϩ ATP channel agonists cromakalim and pinacidil which have been shown to have erectile activity (10, 20, 21) . The ic injection of 5 g/kg cromakalim or 50 g/kg pinacidil produced increases in ICP, ICP/MAP, and AUC, and these responses were not changed by treatment with ODQ (2 mg/kg ic) (Fig. 6C) . In addition the effect of ODQ treatment on erectile responses to fasudil, isoproterenol, and imatinib were investigated, and these data are summarized in Fig. 7 . The ic injection of 30 g/kg fasudil, 100 ng/kg isoproterenol, or 10 mg/kg imatinib produced significant increases in ICP, ICP/ MAP, and AUC, and these increases were not changed by treatment with ODQ, 2 mg/kg ic (Fig. 7) . These data indicate that the inhibitory effect of ODQ on NO-mediated erectile responses is specific or not off-target since the erectile response to the K ϩ ATP activators cromakalim or pinacidil which induce vasodilation and erection by hyperpolarizing smooth muscle was not changed by the sGC inhibitor ODQ. In addition the effect of ODQ treatment on responses to agents that increase ICP by diverse mechanisms was examined and these results indicate that ODQ did not alter erectile responses mediated by inhibition of Rho-kinase (fasudil), activation of beta adrenergic receptors (isoproterenol), or inhibition of tyrosine kinase signaling (imatinib).
Since ODQ can oxidize other heme proteins including hemoglobin the effect of ODQ treatment on methemoglobin levels was investigated and the results show that ODQ treatment in a dose that enhanced responses to BAY 60-2770 and inhibited responses to NO donors and the sGC stimulator BAY 41-8543 had no significant effect on methemoglobin values in arterial blood (control metHb ϭ 1.77 Ϯ 0.42% vs. ODQ treated metHb ϭ 2.32 Ϯ 0.47%, P Ͼ 0.05, n ϭ 6).
Effect of ODQ on the response to cavernosal nerve stimulation. The effect of ODQ treatment on the erectile response to cavernosal nerve stimulation was investigated and these data are summarized in Fig. 8 . Cavernosal nerve stimulation at 2-16 Hz increased ICP, ICP/MAP, and AUC in a stimulus frequency-dependent manner (Fig. 8) . Treatment with ODQ, 2 mg/kg ic, significantly reduced the increases in ICP, ICP/MAP, and AUC at all stimulus frequencies of cavernosal nerve stimulation studied (Fig. 8) . These data indicate that the responsiveness of sGC in penile vascular and corporal tissue to endogenous (neurogenically released) NO is attenuated by ODQ treatment which inhibits sGC by oxidizing the heme iron on the enzyme.
Effect of nerve crush injury. The effect of nerve crush injury on the response to BAY 60-2770 was investigated, and the data are summarized in Fig. 9 . Acute (n ϭ 4) and chronic (n ϭ 2) nerve crush injury caused a significant attenuation in the (Fig. 9) .
Effect of L-NAME on the response to BAY 60-2770. The effect of the NOS inhibitor L-NAME on the response to BAY 60-2770 was investigated and treatment with L-NAME 50 mg/kg iv significantly attenuated the increases in ICP, ICP/MAP, and AUC in response to cavernosal nerve stimulation at all stimulus frequencies tested (Fig. 10A) . The ic injection of 100 ng/kg BAY 60-2770 in animals treated with L-NAME produced an increase in ICP, ICP/MAP, and AUC that was not different from the response to the sGC activator observed in control animals (Fig. 10B) . These data indicate that the erectile response to BAY 60-2770 is independent of NO release in the rat penis.
DISCUSSION
NO is the principal mediator of penile erection (2, 6, 11) . NO is released from the nerves innervating the corpora cavernosa and from the endothelium of small arteries and the corpora cavernosa, and the response to cavernosal nerve stimulation is reduced by treatment with the NOS inhibitor L- Fig. 6 . Bar graphs comparing the effect of ODQ treatment (2 mg/kg ic) on the change in ICP, ICP/MAP, and AUC in response to ic injection of BAY 41-8543 (A) and ic injection of the K ϩ ATP channel agonists cromakalim and pinacidil (C). Line graphs comparing change in ICP in response to ic injections of BAY 60-2770 and BAY 41-8543 (B). n ϭ no. of experiments; *P Ͻ 0.05, paired comparison. NAME (3). Once released from nerve endings or the endothelium NO binds to the normally reduced heme iron group on sGC and increases the formation of cGMP, which induces vasodilation and penile erection (11) . Oxidation of the heme iron on the enzyme reduces the sensitivity of sGC to NO and ODQ inhibits sGC by oxidizing the heme iron on the enzyme and attenuates responses to NO and sGC stimulators like BAY 41-8543 (22, 28, 29) . The activity of oxidized or heme-free sGC can be restored with a new class of agents called sGC activators, of which BAY 60-2770 is a member (Fig. 1) (8, 12,  22) . Erectile responses to sGC activators have not been re- Fig. 7 . Bar graphs comparing the effect of ODQ treatment (2 mg/kg ic) on the change in ICP, ICP/MAP, and AUC in response to ic injections of the Rho-kinase inhibitor fasudil, the beta-adrenergic agonist isoproterenol, and the tyrosine kinase inhibitor imatinib. n ϭ no. of experiments; *P Ͻ 0.05, paired comparison. ported, and new findings in the present study are that BAY 60-2770 has potent erectile activity in the anesthetized rat and is about 1,000-fold more potent than the sGC stimulator BAY 41-8543 in its ability to increase ICP, ICP/MAP, and AUC under control conditions. Although BAY 60-2770 had potent erectile activity in the rat it has very modest hypotensive activity and was more than 4 orders of magnitude less potent in its ability to decrease MAP which suggests that the activator has selectivity for sGC in cavernosal and vascular smooth muscle in the penis.
In addition to having potent erectile activity in the rat, the present data show that erectile responses to BAY 60-2770 were enhanced by treatment with ODQ which attenuated responses to the NO donors DEA/NO and SNP and to the sGC stimulator BAY 41-8543 by inhibiting sGC by oxidizing the heme iron on the enzyme as reported by Zhao et al. (29) . The observation that increases in ICP, ICP/MAP, and AUC in response to BAY 60-2770 were enhanced by ODQ suggests that sGC activators would be effective in conditions where ROS production is increased, NO is inactivated, and sGC is not responsive to NO or sGC stimulators. The administration of ODQ attenuates erectile responses to cavernosal nerve stimulation and to the NO donors DEA/NO and SNP and the sGC stimulator BAY 41-8543 providing support for the hypothesis that sGC stimulators and NO may share a similar sGC activating mechanism (4, 26) . The selectivity of the inhibitory effect of ODQ on the response to the NO donors was investigated in experiments with cromakalim and pinacidil which induce erection by opening K ϩ ATP channels and hyperpolarizing smooth muscle of the corpora cavernosa (13, 20) . In addition the effect of ODQ on erectile responses to fasudil, isoproterenol, and imatinib was investigated. The observation that erectile responses to the K ϩ ATP channel activators and the beta-adrenergic receptor agonist isoproterenol or agents which inhibit Rho-kinase or tyrosine kinase signaling are not altered by ODQ in a dose that attenuated responses to NO donors SNP and DEA/NO suggests that the actions of ODQ are selective for NO and are not nonspecific or off-target. The observation that methemoglobin levels were not altered suggests the effect of ODQ on the heme iron of sGC is not nonselective in that hemoglobin is not oxidized by ODQ in the present study.
Inasmuch as ODQ has been reported to elicit sGC-independent effects future experiments should be performed to confirm the results of the present experiments using nonpharmacological means such as siRNA or shRNA in the intact rat penis (7, 18, 19) . These experiments are beyond the scope of the present studies, and it would be interesting to investigate responses to sGC activators like BAY 60-2770 in cGKI knockout mice.
The effect of ODQ treatment on the response to electrical stimulation of the cavernosal nerves was investigated, and the results of these experiments show that increases in ICP, ICP/ MAP, and AUC in response to nerve stimulation are attenuated indicating that ODQ treatment decreases the response of sGC in penile vascular and corporal smooth muscle to neurogenically released NOS by inhibiting sGC. The effect of NOS inhibition with L-NAME was investigated, and treatment with L-NAME in a dose that inhibited the response to cavernosal nerve stimulation by more than 90% did not attenuate the erectile response to BAY 60-2770. The results with ODQ and L-NAME treatment could be interpreted to suggest that BAY 60-2770 would enhance erectile function in pathological conditions where NO production and bioavailability are diminished or when sGC is inactivated by oxidative stress. The effect of acute and chronic nerve crush injury on the response to BAY 60-2770 was investigated and the ability of BAY 60-2770 to increase ICP, ICP/MAP, and AUC was not altered by nerve injury that reduced the response to cavernosal nerve stimulation by more than 80%. The results with acute and chronic nerve crush injury suggest that responses to BAY 60-2770 are not dependent on tonic cavernosal nerve activity and that agents in this class may be useful in the treatment of ED resulting from surgical procedures such as prostatectomy.
Conclusions. In summary and as illustrated in Fig. 1 , sGC activators increase the catalytic activity of normally reduced or oxidized sGC (22, 27) . In the present study the sGC activator BAY 60-2770 induces vasodilation and penile erection. BAY 60-2770 had very potent erectile activity compared with the sGC stimulator BAY 41-8543 and had very modest hypotensive activity in the rat suggesting that the agent has selectivity for sGC in penile tissues. Erectile responses to BAY 60-2770 were enhanced by treatment with ODQ, which inhibits NOstimulated sGC activity by oxidizing the heme iron on the enzyme and reduces responses to NO donors and sGC stimulators. The potent erectile activity of BAY 60-2770 was not attenuated by treatment with the NOS inhibitor L-NAME or cavernosal nerve crush injury. These results suggest that agents such as BAY 60-2770, which increase the catalytic activity of oxidized or heme-free sGC, would potentially be useful in the treatment of pathological conditions where NO is inactivated by ROS and sGC is oxidized and not responsive to endogenously released or exogenous NO or sGC stimulators. It is known that sGC is present in cavernosal smooth muscle and endothelium and it is hypothesized that agents that target the NO/sGC/cGMP pathway may improve signaling and reduce oxidative stress (9) . Therefore the use of such therapies can improve NO bioavailability and improve erectile function (5) .
